ABSTRACT Two formation scenarios have been proposed to explain the tight orbits of hot Jupiters. They could be formed in orbits with a small inclination (with respect to the stellar spin) via disk migration, or in more highly inclined orbits via high-eccentricity migration, where gravitational interactions with a companion and tidal dissipation are at play. Here we target hot Jupiter systems where the misalignment λ has been inferred observationally and we investigate whether their properties are consistent with high-eccentricity migration. Specifically, we study whether stellar tides can be responsible for the observed distribution of λ and orbital separations. Improving on previous studies, we use detailed models for each star, thus accounting for how convection (and tidal dissipation) depends on stellar properties. In line with observations suggesting that hotter stars have higher λ, we find that λ increases as the amount of stellar surface convection decreases. This trend supports the hypothesis that tides are the mechanism shaping the observed distribution of λ. Furthermore, we study the past orbital evolution of five representative systems, chosen to cover a variety of temperatures and misalignments. We consider various initial orbital configurations and integrate the equations describing the coupled evolution of the orbital separation, stellar spin, and misalignment. We account for stellar tides and wind mass loss, stellar evolution, and magnetic braking. We show that the current properties of these five representative systems can be explained naturally, given our current understanding of tidal dissipation and with physically motivated assumptions for the effects driving the orbital evolution.
INTRODUCTION
The plethora of exoplanets discovered in recent years has revealed that planetary systems exist in a much greater variety than we had ever imagined. To date, more than 1000 exoplanets have been confirmed using different observational techniques. Almost 200 of these planets are similar in mass to Jupiter, but revolve around their parent star every 10 days or less (NASA Exoplanet Archive), thus challenging our understanding of planet formation and evolution. Different scenarios have been proposed to explain how these so-called hot Jupiters formed in such tight orbits. One way to distinguish between these models is to investigate the current properties of the many discovered systems. Our focus here lies on systems where the obliquity λ (the sky-projected angle between the stellar spin and orbital angular momentum vectors) has been constrained observationally.
Two migration models have been invoked to bring gas giants from their birthplace at several AU into the tight orbits we observe today: disk migration and higheccentricity migration (however, see also Tutukov & Fedorova 2012; Thies et al. 2011) . These models predict different orientations of the planet's orbit at present. In the disk migration scenario, planets could migrate inwards through their interactions with the protoplanetary gas disk (Goldreich & Tremaine 1980; Ward 1997; Murray et al. 1998; Lin et al. 1996; Guillochon et al. 2011) . As the disks tend to damp the orbital inclination (Cresswell et al. 2007; Xiang-Gruess & Papaloizou 2014) would naturally lead to nearly circular orbits and small obliquities (e.g., Goldreich & Tremaine 1980; Papaloizou & Larwood 2000) . In the high-eccentricity migration scenario, gravitational interactions either between several planets or with companion stars could lead to highly eccentric orbits and high obliquities (Kozai 1962; Lidov 1962; Wu & Lithwick 2011; Naoz et al. 2011; Nagasawa et al. 2008; Fabrycky & Tremaine 2007; Wu & Murray 2003; Rasio & Ford 1996; Chatterjee et al. 2008 ; see also Plavchan & Bilinski 2013 for empirical evidence). As tidal dissipation tends to damp the eccentricity while decreasing the orbital separation, close-in planets could then result from tidal circularization. Winn et al. (2010a) used a sample of 19 systems in which the projected spin-orbit angle λ was measured via the Rossiter-McLaughlin (RM) effect. The RM effect occurs when a transiting planet blocks the blue-or redshifted part (or both, depending on the orbital inclination with respect to the stellar spin) of the spinning star as it passes across the stellar disk, thus distorting the star's spectral line profile. Winn et al. (2010a) investigated the behavior of the sky-projected misalignment as a function of the host star's effective temperature (T eff * ). Their results suggested that the degree of misalignment increases for hotter stars. In particular, a sharp increase in λ seems to occur at T eff * 6250 K. These findings were later confirmed by Albrecht et al. (2012b, hereafter A12) with a sample of RM measurements twice as large as the one available to Winn et al. (2010a) ; see also e.g., Morton & Johnson (2011) . Since 6250 K is the temperature at which the outer convective zone in main sequence stars starts becoming negligible, Winn et al. (2010a) proposed that the mechanism responsible for the trend observed in the data is convective dissipation of tides in the star. Hot Jupiters could then be produced via a single formation process yielding a broad distribution of obliquities. Later on, tidal dissipation in cool stars would damp the obliquity within a few Gyr. Correspondingly, the high degree of sky-projected misalignment observed in hot stars would result from the inefficiency of tidal dissipation. While its simplicity is appealing, this scenario presents a major weakness. In fact, tidal dissipation in the star acts both on the misalignment and on the orbital separation, causing orbital decay whenever the stellar spin frequency is lower than the orbital frequency, and it thus fails in explaining the currently observed aligned hot Jupiters (see, e.g., Rogers & Lin 2013, hereafter R13) .
Possible solutions to this evolutionary conundrum were presented by Winn et al. (2010a) and Lai (2012) . Winn et al. (2010a) suggested that, if the star's radiative interior is weakly coupled to the outer convective region and to the planet, then tides would act on the obliquity faster than on the orbital separation (see also A12). However, a large amount of differential rotation inside the star would potentially lead to fluid instabilities, which would tend to quickly re-couple the star's convective and radiative regions. To overcome this problem, Lai (2012) presented a different scenario, following the idea that different physical processes dissipate tides with different efficiencies. His model invokes the excitation and damping of inertial waves in a stellar convective zone (see § 4.2 for a summary). These waves are driven by the Coriolis force and are excited only in misaligned systems. In this configuration, the tidal potential to the leading quadrupole order has several terms. Each of these terms generates tidal disturbances with its own dissipation efficiency. Among these terms, Lai (2012) identified a component of the tidal torque which acts only on the misalignment without affecting the orbital separation, thus providing a more efficient mechanism to modify the misalignment.
The validity of this prescription was recently questioned by R13, who considered a random distribution of initial obliquities for 50 objects (nearly the number of observed systems considered by A12) and integrated the equations derived by Lai (2012) forward in time. The authors computed the evolution of the misalignment alone while keeping the orbit and stellar spin fixed and found that tides would lead to a nearly equal amount of prograde (λ<90 o ), retrograde (λ>90 o ), and 90 o orbits. This appears inconsistent with the observations, as the majority of observed obliquities are smaller than 90
o . However, we note that R13's investigation has two major limitations. First, it neglects the simultaneous evolution of the orbital separation, stellar spin, and misalignment, while previous investigations have shown that it is essential to consider the coupled evolution of the orbital elements and spins (e.g., Jackson et al. 2008; Barker & Ogilvie 2009; Matsumura et al. 2010; Xue et al. 2014) . Furthermore, it does not account for the various physical effects that might compete in the evolution of the system (e.g., magnetic braking and the radial expansion of the star as a result of stellar evolution). This last simplification was recently adopted also by Xue et al. (2014) , who integrated the full set of equations presented by Lai (2012) and showed that all intermediate states found by R13 eventually evolve towards alignment. While this appears to be consistent with the majority of observed obliquities (< 90 o ), it cannot explain the currently observed intermediate misalignments.
In this paper, we reconsider tidal dissipation in the star as a possible mechanism responsible for the observed distribution of misalignments and orbital separations. We carefully examine the observed relation between λ, T eff * , and the amount of convection inside the host star. In contrast to previous studies, we use detailed stellar evolution models, thus accounting for the dependence of convection on stellar properties, such as mass, metallicity, effective temperature, and age. Furthermore, we integrate the full set of equations describing the evolution of the orbital separation, stellar spin, and misalignment. We take into account the effects of tidal dissipation in the star, stellar wind mass loss, changes in the star's internal structure as a result of stellar evolution, and magnetic braking. The tidal prescription adopted follows Lai (2012) , and includes both tides in the weak friction approximation (Zahn 1977 (Zahn , 1989 and convective damping of inertial waves. In the weak-friction regime, a body's response to tides is generally measured via a tidal quality factor Q (Goldreich & Soter 1966) , which parametrizes the efficiency of tidal dissipation. This term measures how a tidally-deformed body undergoing a forced oscillation dissipates part of the associated energy during each oscillation period. It is formally defined as the ratio of the maximum energy stored in the tidal distortion over the energy lost during each cycle. The value of Q is the result of complex dissipative processes occurring within a body and it thus varies for bodies of different masses and types. Furthermore, Q depends on the tidal forcing frequency and thus on the spins and orbital configuration. As a result, Q is expected to vary by orders of magnitudes (Penev & Sasselov 2011) and it is clear that different Q values are needed to explain different systems (e.g., Matsumura et al. 2010, hereafter M10) . In this work, we prefer not to introduce additional model parameters and instead use a parametrization for tidal dissipation calibrated from observations of binary stars (e.g., Verbunt & Phinney 1995; Hurley et al. 2002; Belczynski et al. 2008 ).
For quick reference, the notations adopted in this work for the components and orbital parameters are summarized in Table 1 .
The paper is organized as follows. In § 2 we present the sample of hot Jupiters considered in this work. In § 3 we present the procedure adopted to model in detail the host stars in our sample. In § 4, we summarize the equations that we integrate to study the orbital evolution of misaligned hot Jupiters (tests on the orbital evolution code developed for this work are presented in Appendix A). In § 5 we present possible evolutionary sequences of five representative systems: HAT-P-6, WASP-7, 15, 16, and 71 (the results are summarized in Table 2 , where we also include a few additional examples, without describing their evolution in detail). We discuss the assumptions adopted in this work in § 6. We summarize and conclude in § 7. As mentioned above, we consider tides in the weak friction approximation. Specifically, we account for both convective damping of the equilibrium tide and radiative damping of the dynamical tide. For the latter, we use results of detailed calculations presented by Zahn (1975) , which are valid in the limit of small tidal forcing frequencies (in the weak-friction regime). In Appendix B we solve the full set of equations describing non-adiabatic non-radial forced stellar oscillations, and we discuss the significance of dynamic tides in the most massive system among those studied in detail in § 5 for a wide spectrum of tidal forcing frequencies. 
Note. -The subscripts "*" and "pl" refer to the star and planet, respectively, while "CZ" refers to the stellar surface convection zone (see § 3 for details) . We denote with i * the angle between the stellar spin axis and the line of sight, while io denotes the angle between the orbital angular momentum and the line of sight. Figure 1 . Projected obliquities as a function of the effective temperature of the host stars. The color-scheme is as follows. From the mean T eff * and its 1σ uncertainties (Table 3) , we compute the maximum and minimum values T eff * ,max and T eff * ,min , respectively. Stars with T eff * ,min > 6250 K (T eff * ,max < 6250 K) are shown with red (blue) symbols, while stars with T eff * ,min ≤ 6250 K ≤ T eff * ,max are marked with green symbols. Prograde (retrograde) orbits have |λ| < 90
THE SAMPLE OF HOT JUPITER HOST STARS
To test whether tidal dissipation in the star could be responsible for the observed distribution of sky-projected misalignments and effective temperatures, we consider planetary systems hosting giant planets with an observationally inferred best-fit mass and orbital period M pl > 0.5 M Jup and P orb < 5 d, respectively. This period range corresponds to the onset of strong tidal dissipation for a giant planet around a solar-like star . The systems were queried from The Open Exoplanet Catalogue on 2013 August 31 and we searched the literature to extract the components and orbital properties for each systems (guided by http://exoplanet.eu/ for references). To the planets thus selected, we followed the catalogue used by A12 and added few more systems that our selection missed because of the cut imposed on the minimum M pl and maximum P orb . Specifically, we included HAT-P-2 b, HAT-P-34 b, WASP-8 b, and WASP-38 b as their orbital period is just above 5 d. We added WASP-17 b and WASP-31 b, as the planet's mass is just below 0.5 M Jup . From the compilation of A12 we excluded HAT-P-11 b and HD 149026 b because of the low planetary mass (Lecavelier des Etangs et al. 2013; Sato et al. 2005) , and HD 17156 b and HD 80606 b because of the long orbital period (Nutzman et al. 2011; ). In addition to the systems used by A12, our catalogue includes WASP-52 b, WASP-71 b, and WASP-80 b, whose misalignments were measured recently Smith et al. 2013; Triaud et al. 2013) . Finally, as in A12, we excluded WASP-23 b because the misalignment is not well constrained ).
In Table 3 we summarize the systems considered in this study and list some of the orbital and components' properties relevant to our analysis. The systems added from A12's catalogue are listed at the bottom of the Table. Similarly to Fig. 20 in A12, we show the sky-projected misalignment as a function of the host star's effective temperature in Fig. 1 . Here we show the absolute value for the mean value of the observed misalignment, and note that an orbit is prograde (retrograde) when |λ| < 90
• ). Our compilation of misaligned hot Jupiters host stars confirms the trend already reported by, e.g., Winn et al. (2010a) and A12: higher degrees of misalignment are associated with hotter stars. Three notable exceptions to this trend are WASP-8, WASP-80, and Kepler-13 (see Table 3 for references). WASP-8 has been discussed by A12 as one of the systems that least resemble the typical hot Jupiter. It has the longest orbital period among the hot Jupiters considered here ( 8 d) and the largest ratio between semimajor axis and stellar radius: WASP-8 has a/R * 18, while the remaining systems all have a/R * 13. These properties result in a longer tidal timescale for alignment (see § 4) and they might reconcile the position of this system in Fig. 1 with the hypothesis of tides being responsible for the observed relation between λ and T eff * . WASP-80 hosts the least massive star in our sample and it has the second biggest a/R * . Whether the system is misaligned is still an open question. In fact, Triaud et al. (2013) report a large discrepancy between the v rot sin i * inferred from the broadening of the star's spectral lines and the observed amplitude of the RM effect. This discrepancy can be explained by either an orbital plane nearly perpendicular to the stellar spin or by an additional source of broadening that was not accounted for. Finally, Kepler-13 constitutes one of the most intriguing exoplanet systems given its geometry. Here, different dynamical effects might be at play which affect the observed spin-orbit configuration. The hot Jupiter in this system orbits a rapidly rotating A-star which is the main component of a hierarchical triple system . The parent star's rapid rotation leads to oblateness which causes secular variations in the orbital elements ). Winn et al. (2010a) suggested that hot Jupiters are produced via a single formation mechanism which yields a broad range of obliquities. During their subsequent orbital evolution, tidal dissipation in the star is the main obliquity damping mechanism. If this is the case, we would expect to see a higher degree of sky-projected misalignment in stars where convection is small. In this section we describe the procedure we adopted to model the host stars in our sample. Our goal is to verify whether there is a correlation between the observed sky-projected misalignments and the mass fraction and radial extent of the stars' surface convective regions.
DETAILED MODELING OF HOST STARS
We use MESA (version 4798, Paxton et al. 2011 Paxton et al. , 2013 ) to create a grid of ZAMS stars covering the observed range of M * and Fe/H (see Table 3 ). Specifically, we create models with metallicity Z between 0.006-0.07 in steps of 0.001 and M * between 0.4M -2.2M in steps of 0.005M . Next, we evolve each model accounting for stellar wind mass loss. The stellar wind prescriptions adopted follow the test suite example provided with MESA for the evolution of a 1M star (Reimers 1975 and Bloecker 1995 with the η parameter entering the two different mass loss prescriptions set to 0.7 in both cases). The results presented in § 5 show that stellar winds do not play a significant role for the majority of the systems studied in detail here. Indeed, typical hot Jupiter host stars at 0.1t MS (0.9 t MS ) have lost ∼ 0.01% (∼ 0.1 %) of their mass, where t MS is the star's main sequence lifetime. The mixing length α MLT parameter was set to 1.918, following the MESA star Standard Solar Model (Paxton et al. 2011, Table 10) . We evolve each model to the end of the Main Sequence, which we take to be the time when the mass fraction of H at the center drops below 10 −10 . Finally, for each host star in our sample, we scan through the grid of evolutionary tracks to find the models that simultaneously match the observed Z, M * , R * , and T eff * within 1σ II ). In what follows, we call this a successful model. For each successful model, the mass fraction and relative radial extent of the convective envelope or surface convection zone (∆M CZ /M * and ∆R CZ /R * , respectively) can be readily extracted from the radial profile of the Brunt-Väisälä frequency (N ). In fact, imaginary values of N (N 2 < 0) denote a convective region. As shown below, the amount of surface convection depends, in part ( § 6), on the stellar mass, metallicity, temperature, and age.
To give a flavor for the different stellar structures for the models considered here, Fig. 2 shows the Hertzsprung-Russell (HR) diagram and the radial pro-II For the system XO-2 b we can simultaneously match the observed properties of the host star only within 3σ. This might be attributed to the adopted α MLT . This parameter is usually found to vary between 1 and 2 in the literature, depending on the star under investigation (see, e.g., Paxton et al. 2011 Paxton et al. , 2013 and § 6 file of N 2 for a hot and cool star, according to the color-scheme adopted in Fig. 1 . These models represent WASP-8 and WASP-33. The red part of each evolutionary track on the HR diagram represents the models which match the observed Z, M * , R * , and T eff * within 1σ. We take one of these successful models to plot the radial profile of N 2 . The model representative of WASP-8 has M * = 1.035 M and Z = 0.029. It is mainly composed of a radiative core and a convective envelope, which extends from 0.72 R to the surface (R * 0.99R ). The model representative of WASP-33 has M * = 1.55 M and Z = 0.02. It is composed of a convective core and a radiative envelope, which extends from 0.13 R to near the surface (R * 1.48R ), where thin convective layers are present. When accounting for convection in stars similar to WASP-8, we consider the whole convective envelope. Instead, for WASP-33-type stars, we consider only the surface convective layers, as we expect that most dissipation occurs in these regions (Barker & Ogilvie 2009 ). We discuss possible uncertainties related to convection within MESA in § 6.
A summary of the stellar properties derived from this modeling is given in Table 4 .
Obliquity vs Convection
In Fig. 3 we show the behavior of the observationally inferred misalignment as a function of the properties of each star's surface convection zone, as given by our modeling. Our results point to an increase in |λ| as the amount of convection decreases, thus confirming the importance of tidal dissipation in shaping the observed distribution of sky-projected misalignments. The relation between the magnitude of the misalignment and convection is immediately clear if we look at |λ| as a function of ∆R CZ /R * (top plot in Fig. 3 ). The highest |λ| are associated with ∆R CZ /R * 0.1. As ∆R CZ /R * increases, |λ| decreases. This decrease in |λ| with decreasing convection is less clear if one considers the mass fraction of the convective regions. In fact, the ∆M CZ /M * computed for each star varies by several orders of magnitude. Our results suggest that |λ| is high in systems Figure 3 . Projected obliquities as a function of the fractional radius (top) and mass (bottom) of the star's convection zones. For solar-type stars (e.g. WASP-8 in Fig. 2) , we account for the convective envelope. For stars with predominantly radiative envelopes (e.g. WASP-33 in Fig. 2 ) we consider only the surface convective layers, as these are the most dissipative. The color-scheme is as in Fig. 1 . For clarity, we split the x-axis of the bottom plot in three different intervals. For the error bars in ∆M CZ /M * and ∆R CZ /R * see Table 4 .
where the mass fraction of the star's surface convective region is 3 × 10 −3 and it decreases as ∆M CZ /M * increases (the outliers, Kepler-13, WASP-8, and WASP-80, are discussed briefly in § 2).
This result favors the high-eccentricity migration scenario in which hot Jupiters are formed via tidal circularization of highly eccentric orbits with a broad distribution of λ. As the subsequent evolution of the orbital separation and misalignment is driven by tidal dissipation in the star (M10; see also Jackson et al. 2009 ), tides in stars with a significant amount of surface convection efficiently decrease the misalignment. We further test this scenario below by performing detailed orbital evolution calculations.
ORBITAL EVOLUTION MODEL 4.1. Assumptions and Basic Equations
Here we summarize the set of equations that we integrate to study the orbital evolution of misaligned hot Jupiters. We account for tides, stellar wind mass loss, changes in the star's internal structure as a result of stellar evolution, and magnetic braking. In what follows, we denote by S = SŜ and L = LL the spin and orbital angular momentum vectors, respectively. Their magnitudes are given by S = I * Ω * and L = M * M pl Ga/(M * + M pl ). The true stellar obliquity Θ * is related to the projected one λ via cos Θ * = sin i * cos λ sin i o + cos i * cos i o (Fabrycky & Winn 2009) .
We assume that all effects from distant companions (other planets or stars) can be neglected (the systems studied in detail in § 5 do not have observed companions). Furthermore, the evolution of the stellar spin is computed assuming solid-body rotation. As we apply the tidal prescription proposed by Lai (2012) (summarized in § 4.2), we focus on circular binaries.
Tides affect a, Ω * , and Θ * . Here we consider tidal dissipation in the star while neglecting tides in the planet. We discuss this assumption in § 6 and note here that it is justified for circular binaries, as stellar tides are expected to largely dominate the evolution of the orbital separation and obliquity (M10). The tidal evolution is calculated in the standard weak friction approximation (Zahn 1977 (Zahn , 1989 , following the formalism of Hut (1981) . Specifically, we integrate numerically the following differential equations,
where the characteristic orbital evolution timescale τ wf is given by
The subscript "wf" stands for "weak friction" and q * = M pl /M * . Eqs. (1)- (3) are valid for a circular orbit. The quantity k/T is the ratio of the apsidal motion constant k over the timescale T of tidal dissipation. We parametrize the dissipation inefficiency of tides as in Hurley et al. (2002) and Belczynski et al. (2008) and we assume that the only sources of dissipation are eddy viscosity in convective envelopes and radiative damping in radiative envelopes. For radiative damping of the dynamical tide we use F tid = 1 and,
where E 2 = 1.592 × 10 −9 (M * /M ) 2.84 and the various quantities are expressed in solar units. Instead, for convective damping of the equilibrium tide we use F tid = 50 and,
where the subscript "env" denotes the convection zone's properties and the various quantities are expressed in solar units. We compute the mass and radius of the convective regions from the radial profile of the BruntVäisälä frequency as described in § 3. The convective turnover timescale τ * ,conv is given by
where L * is the star's bolometric luminosity . The factor f * ,conv represents the reduction in the effectiveness of convective damping when the tidal forcing period is less than the turnover period of the largest eddies (Goldreich & Nicholson 1977) . It is defined as
with the tidal pumping timescale P * ,tid given by P * ,tid = 1
Eqs. (1)- (3) reduce to the Hut (1981) equations in the limit of small Θ * . To Eqs. (2) and (3), we add the terms derived by Lai (2012) and summarized in § 4.2.
It is important to note that the expression for the term E 2 entering Eq. (5) was fitted by Hurley et al. (2002) to values given by Zahn (1975) . The latter investigated the effects of radiative damping of tidally excited gravity modes in massive main sequence binaries in the limit of small tidal forcing frequencies. In this weak-friction regime, the detailed orbital evolution calculations presented here (see § 5) show that radiative damping of the dynamical tide is weaker than convective damping of the equilibrium tide throughout each system's evolution (but see Appendix B). Changes in the star's internal structure as a result of stellar evolution affect Ω * . Specifically, we account for changes in the radius and core properties via the evolution of the star's moment of inertia. The correspondinġ Ω * ,evol term is derived considering that changes in I * conserve spin angular momentum. It is given by
The moment of inertia is computed within MESA from the stellar mass profile at each time step, considering the innermost shell of mass m c and radius r c as a solid sphere with I * = 2 5 m c r 2 c and adding ∆I * = 2 3 ∆m r 2 for each spherical shell of mass ∆m at radius r.
Stellar wind mass loss affects the orbital separation and the spin of the star. As in Belczynski et al. (2008) , the evolution of the semimajor axis is computed assuming spherically symmetric mass loss, which carries away the specific angular momentum of the mass-losing component (Jeans-mode mass loss). As a(M * + M pl ) is constant, it is straightforward to derive
which is valid for circular orbits. The evolution of the stellar spin is calculated assuming that mass loss in a wind carries away the angular momentum of the outer shell. SettingṠ = (2/3)Ṁ * R 2 * Ω * , it follows that
Finally, magnetic braking involves the loss of spin angular momentum through magnetized stellar winds. As in M10, we adopt Skumanich's (1972) law, which is well established for stars with rotational velocities between 1-30 km s −1 (like the ones studied in detail here), and use
where α M B = 1.5 × 10 −14 γ MB yr. Previous studies adopted a value γ MB = 0.1 for F-dwarfs and γ MB = 1 for G or K dwarfs (e.g., Barker & Ogilvie 2009; DobbsDixon et al. 2004, M10) . In this work we keep γ MB as a free parameter and vary it between 0 and 1.
Tidal Dissipation of Inertial Waves
To clarify the assumptions adopted in our work, we briefly summarize the tidal prescription proposed by Lai (2012) . This recipe is based on tidal dissipation of inertial waves and it is valid for binaries in a circular orbit where the stellar spin and planet's orbital angular momentum are misaligned (see also R13 for a summary).
In the inertial reference frame centered on M * with the z-axis along the stellar spin angular momentum S, the tide-generating potential to the leading quadrupole order can be expanded in terms of spherical harmonics
Here θ and φ are the polar and azimuthal angle, respectively. Moving to a frame co-rotating with the star and introducing the azimuthal angle φ r , it can be shown that each term in the tide-generating potential has the dependence e imφr+imΩ * t−im Ωot . Thus, the tidal perturbation from the planet induces in the star a spectrum of forcing angular frequenciesω mm = m Ω o − mΩ * . The corresponding forcing frequency in the inertial frame is m Ω o . Physically, seven components of the potential contribute to the transfer of tidal energy between the stellar spin and the orbital angular momentum. Each of these components dissipates this energy with its own quality factor Q mm .
The dispersion relation for an inertial wave is given by (Greenspan 1968 
whereω is the inertial wave frequency and k is its local wavenumber vector. Therefore, these waves exist only when |ω| < 2Ω * . In systems hosting hot Jupiters with Ω * Ω o the only component of the tidal potential whose tidal forcing frequency is small enough to allow the excitation of inertial waves is (m, m ) = (1, 0). While this component acts on Ω * and Θ * , it does not affect the evolution of the orbital separation a. In fact, the (1, 0)-component of the tidal potential is static in the inertial frame. As R13 point out, this might not be the case for stars where Ω * > Ω o , as other components of the tidal response might be relevant which could lead to orbital, spin, and obliquity evolution. Accounting for this additional source of tidal dissipation, the equations describing the evolution of a, Ω * and Θ * due to tides become
Note that the tidal evolution of the orbital separation only accounts for tides in the weak friction approximation [the terms with subscript "wf", which are given in Eqs. (1) - (3)]. The terms with subscript "10" are associated with the (m, m ) = (1, 0) component of the tidal potential in Eq. (14), written in the frame co-rotating with the star. These are given by
where
Here k 10 and Q 10 are the tidal Love number and quality factor for the (m, m ) = (1,0) component of the tidal potential, respectively. The terms with subscript "10, wf" are given byΘ * 10,wḟ Θ * 10 =Ω 10,wḟ
As found by Barker & Ogilvie (2009) , the efficiency with which inertial waves are dissipated can vary widely between different stars. In fact, it depends on both the stellar spin and the amount of surface convection. The latter, in turn, depends on the stellar mass, metallicity and evolutionary stage. Ogilvie & Lin (2007) studied tidal dissipation in rotating sun-like stars. The authors found that the energy dissipation rate in the convection zone is increased by 1-3 orders of magnitude, depending on the stellar spin period, compared to weak-friction tides. In particular, for the m = 2 term in the spherical harmonics expansion of the tidal potential and for a solar-type star atω = −Ω * , the tidal quality factor associated with inertial wave dissipation can increase up to Q 10 7 − 10 8 for a spin period of 10 d and Q 10 6 − 10 7 for a spin period of 3 d (see Fig. 3 and Fig. 6 in their paper). Here Q is the modified tidal quality factor defined as Q = 1.5 Q/k. Their numerical method was later used by Barker & Ogilvie (2009) to investigate the tidal dissipation associated with the m =1 components for an F-type star representative of the system XO-3. The authors found that tidal dissipation is significantly enhanced, with Q increasing up to 10 6 atω = −Ω * (middle panel Fig. 7 of their paper). They also investigated how Q varies for a range of Ftype stars with different masses and evolutionary stages and derived values in the range ∼ 10 8 − 10 13 ( Fig. 8 of their paper). The low end of this range was for a 1.2M star at solar metallicity and an age of 1 Gyr, while the high end was for a 1.5M star at solar metallicity and an age of 0.7 Gyr. To account for this range of values and given the properties of the stars studied in § 5, we perform detailed orbital evolution calculations considering Q 10 = 10 6 , 10 7 , 10 8 , and 10 10 . It turns out that, for most systems, the results do not change significantly once Q 10 > 10 6 .
DETAILED ORBITAL EVOLUTION OF FIVE REPRESENTATIVE SYSTEMS
To test whether the tidal prescription proposed by Lai (2012) and summarized in § 4.2 can explain the observed distribution of sky-projected misalignments, we perform detailed orbital evolution calculations for five representative systems. Specifically, we integrate the set of equations presented in § 4 and compute the evolution of a, Θ * , and Ω * accounting for tides, stellar wind mass loss, changes in the star's moment of inertia, and magnetic braking. Figure 4 . HR diagram for the systems selected for our detailed study. The red solid lines represent the successful models which simultaneously match the observed Z, M * , R * , and T eff * within 1σ. Top: system with λ consistent with 0 o within 1 σ hosting a cool star. In the middle and bottom panels: on the left are systems where |λ|< 90 o with minimum (middle) and maximum (bottom) mean T eff, * , while on the right are systems where |λ|> 90 o with minimum (middle) and maximum (bottom) mean T eff, * . According to our models, the age of 71, 15, 7, The five representative systems are chosen as follows. As the tidal prescription proposed by Lai (2012) is valid for circular binaries hosting slowly rotating stars, we only consider systems where the measured eccentricity is zero and the star has not been observed to be a fast rotator. For the latter, we compute the stellar spin from the observed v rot sin i * assuming (arbitrarily) i * = 90 o and eliminate systems where Ω * /Ω o >1. To avoid possible perturbations of the orbital elements due to gravitational interactions with additional companions, we only consider systems where there is no evidence of other bodies. Also, to compute some degree of orbital evolution we require the star to be off its main sequence. Finally, we consider the following combinations of λ and T eff, * : (i) to test if the Lai's (2012) prescription can account for the currently observed aligned hot Jupiters, we consider the host star with the lowest T eff, * among the systems where λ = 0 o within 1σ; (ii) to test if the Lai's (2012) prescription can account for the currently observed misaligned hot Jupiters, we pick two systems with |λ|> 90 o and two systems with |λ|< 90 o hosting stars with the lowest and highest observed T eff * , among the systems where λ = 0 o within 1σ. Selection (i) leaves us with WASP-4, while selection (ii) leaves us with WASP-71, WASP-7, WASP-15, and HAT-P-6. However, we do not consider WASP-4, as it was studied in a companion paper (Valsecchi & Rasio 2014) using the same numerical approach adopted in this work. Here we only summarize our findings for WASP-4 in Table 2 and refer to Valsecchi & Rasio (2014) for details. The next system among the aligned ones with the coldest star is WASP-16. Then, we select one of the successful models for each host star to perform the orbital evolution. For HAT-P-6, WASP-7, 15, and 71, each model is chosen randomly among those whose mass and metallicity (F e/H) differ from the observed mean values by less than 0.05M and 0.01 (to be within the 1 σ errors), respectively, at some point during the evolution of the star. For WASP-16 we chose these same limits on M * and F e/H to be 0.005M and 0.01. We show the HR diagram for the five stellar models in Fig. 4 . According to our detailed modeling, WASP-71 is the oldest system among the ones considered here and it has an age 0.9 t MS . The age of WASP-16, 15, 7, and HAT-P-6 is in the range (0.6 -0.7) t MS , (0.4 -0.6) t MS , (0.2 -0.5) t MS , and (0.3 -0.5) t MS , respectively. As we show in § 5.5, WASP-16's alignment provides a good example of how the inclusion of inertial wave dissipation in the tidal prescription yields a more significant obliquity evolution than orbital separation evolution.
System Selection

Computing the Orbital Evolution
We study the past orbital evolution of each system by using the detailed evolution of the host star computed with MESA and by considering a variety of initial configurations. Specifically, we scan the parameter space made of initial orbital periods, degrees of asynchronism between the stellar spin and the planet's orbital frequency (Ω * /Ω o ), misalignments, and γ MB values. For each combination of these parameters, we consider 50 values for the stellar inclination i * . Below we summarize the initial values considered for Θ * , Ω * /Ω o , γ MB , and i * . For the planet's mass and orbital inclination i o we use the observed mean values for each system.
For the misalignment, we consider Θ * between 0-180
o , depending on the observed misalignment) in steps of 2 o . For the level of asynchronism, as the tidal prescription proposed by Lai (2012) is valid for Ω * < Ω o , we consider initial values of Ω * /Ω o between 0 -1 in steps of 0.1 (we discuss cases where Ω * /Ω o = 1 in the next section). For γ MB , we follow the literature (e.g., Barker & Ogilvie 2009; Dobbs-Dixon et al. 2004, M10) and consider γ MB values between 0 -1 in steps of 0.1. As far as i * is concerned, the true stellar spin axis orientation is unknown for the systems studied in detail here. This could be estimated from the observationally inferred v rot sin i * combined with typical rotation rates for a star of the given spectral type and age for each system. However, as pointed out by Fabrycky & Winn (2009) , there are uncertainties related to both spectral type and age and it is possible that the rotation rates of hot Jupiters host stars differ from stars in general (e.g., because of tides). For this reason we use the reasonable assumption that the stellar spin axis angle i * is distributed isotropically and adopt a simple Monte-Carlo approach (similarly to Triaud et al. 2010 ). We draw a random uniform distribution in cos i * between 0 -1 and consider 50 values of cos i * for each combination of initial P orb , Θ * , Ω * /Ω o , and γ MB . As i * is used only to convert the computed Ω * and Θ * into a present-day v rot sin i * and λ, respectively, i * is kept fixed during the integration.
The parameter space mentioned above is scanned for four different values of Q 10 . We use the results presented by Ogilvie & Lin (2007) and Barker & Ogilvie (2009) ( § 4 .2) and consider Q 10 = 10 6 , 10 7 , 10 8 , and 10 10 . The set of equations presented in § 4 is integrated with a variable-step 4th-order Runge-Kutta integrator with an accuracy requirement of 10 −12 . We stop the integration when the stellar mass, radius, effective temperature, misalignment, and rotational velocity agree with the observationally inferred values within 1σ, and the orbital period crosses the observed value.
We first discuss the four misaligned systems. Since HAT-P-6, WASP-7, and WASP-15 are similar in stellar mass and evolutionary stage, we summarize their results together, while we reserve WASP-71 to a separate section. We discuss WASP-16's alignment at the end of this section. For each system we discuss whether the initial parameter space can be expanded to Ω * /Ω o > 1. Here we note that Ω * /Ω o <1 leads to orbital decay, as tides remove angular momentum from the orbit to spin up the star. Considering rapidly spinning host stars (Ω * /Ω o > 1), planets could migrate outward and the overall orbital evolution might change from the one described here (M10; Dobbs-Dixon et al. 2004) . Note that, rather than finding all possible evolutionary scenarios for these systems, our goal is merely to demonstrate that their current properties can be explained given our current (and limited) understanding of tidal dissipation, and with reasonable assumptions on the physical effects driving the orbital evolution of hot Jupiters in circular and misaligned systems. Even though below we focus on HAT-P-6, WASP-7, 15, 16, and 71, in Table 2 we summarize the results of orbital evolution calculations for a few additional systems, without a detailed discussion in the text. For details about WASP-4 we refer to Valsecchi & Rasio (2014) .
In what follows, the subscripts "in" and "pr" denote initial (at the star's Zero Age Main Sequence) and present values.
5.3. HAT-P-6, WASP-7, and WASP-15 HAT-P-6 harbors a 1.1 M Jup planet orbiting a 1.3 M F star every 3.8 d. The stellar metallicity is Z 0.015 and the observed sky-projected misalignment is λ = 165.0 o ± 6 o . The orbital inclination was determined by Noyes et al. (2008) Note.
-The percent change in P orb and Θ * are given by ∆P orb = 100 × (P orb,in − P orb,pr )/P orb,in and ∆Θ * = 100 × (Θ * ,in − Θ * ,pr)/Θ * ,in , respectively, where the subscripts "in" and "pr" denote initial and present values. Here we list the full P orb,in interval for which we find solutions. For WASP-16, whose λ is consistent with 0 • within 1 σ, we scan the initial parameter space both in Θ * ,in ≥ 0 • and Θ * ,in ≤ 0 • . HAT-P-8 and XO-4 are listed as additional examples and are not described in the main text. These represent two of the oldest systems (http://exoplanet.eu/, thus interesting for orbital evolution calculations) among those with e = 0, Ω * /Ωo < 1 at present (assuming i * = 90 o ), and λ = 0 within 1σ (see § 5.1). The stellar models representative of HAT-P-8 and XO-4 are chosen randomly among those whose M * and F e/H differ from the observed mean values by less than 0.01M and 0.01, respectively, at some point during the evolution of the star. The HAT-P-8-(XO-4-) type star has M * = 1.2 M (1.33 M ) and Z = 0.02 (0.018). For HAT-P-8 (XO-4) we consider P orb,in between 3.3 − 4.0 d (4.0 − 4.5 d) in steps of 0.05 d (0.01 d). For HAT-P-8 (XO-4) we find that (Ω * /Ωo) in is between 0.2 − 1 (0.6 − 1) for any Q 10 . For HAT-P-8, we find solutions for γ MB between 0 − 1 for any Q 10 , while for XO-4 the allowed γ MB is between 0 − 0.1 for Q 10 ≤ 10 7 and 0 − 0.2 for Q 10 ≥ 10 8 . We derive an age of 3.3 − 3.5 Gyr and 1.7 − 1.9 Gyr for HAT-P-8 and XO-4, respectively. These are consistent with the ages quoted in the literature for both systems McCullough et al. 2008 ). (Adams et al. 2013; Triaud et al. 2010; Bergfors et al. 2013) . More references and parameters are in Table 3 .
During the scan of the initial parameter space, we consider initial Θ * , Ω * /Ω o , γ MB , and i * , as described in § 5.2. For HAT-P-6, WASP-7, and WASP-15 we consider P orb,in between 3.85 -4.05 d, 4.9-5.1 d, and 3.8 -4.1 d, respectively, in steps of 0.005 d. During the integration, we compute the term k/T related to convective damping of the equilibrium tide [(k/T ) CD , Eq. (6)] and radiative damping of the dynamical tide [(k/T ) RD , Eq. (5)] and apply the stronger of the two. At present, (k/T ) RD /(k/T ) CD < 7 × 10 −4 , < 8 × 10 −5 , and < 2 × 10 −4 for HAT-P-6, WASP-7, and WASP-15, respectively. The difference between HAT-P-6 and WASP-7 can be attributed to the different Z. Despite the comparable mass, the sub-solar metallicity of HAT-P-6 results in less surface convection and thus a higher contribution due to radiative damping. The ratio (k/T ) RD /(k/T ) CD for WASP-15 is in between those for WASP-7 and HAT-P-6, as expected given the star's properties. WASP-15 has a stronger contribution from radiative damping than WASP-7 because its higher mass (and similar Z) yields less surface convection. On the other hand, it has a weaker contribution from radiative damping than HAT-P-6 because WASP-15's similar mass and higher metallicity yield more surface convection.
The sequences which at some point during their evolution match each system's observed properties as described in § 5.2 are summarized in Schlaufman (2010) to estimate i * . This technique involves the comparison of the measured v rot sin i * with the expected value of v for a star of the given mass and age. They found i * 90 o , indicating no evidence of an inclination of the stellar spin axis towards the observed, but they pointed out that WASP-7 is at the upper end of the mass range for which Schlaufman (2010) calculated his rotation, mass, age relationship. We find solutions for i * values down to 70 o . WASP-15's stellar inclination is not constrained and Triaud et al. (2010) used an approach similar to the one adopted here. They assumed an isotropic distribution for i * to compute the true misalignment from the sky-projected one. We find solutions for i * values down to ∼ 20 o . The age of our systems ranges between 1 -1.7 Gyr, 0.7 -2 Gyr, and 1.5 -2 Gyr for HAT-P-6, WASP-7, and WASP-15, respectively. For HAT-P-6, Noyes et al. (2008) derived an age of 2.3 +0.5 −0.7 Gyr from evolutionary tracks (Yi et al. 2001 ) and an independent estimate of the age obtained from the Ca + H and K line emission strength yielded agreement. For WASP-7 and WASP-15, predictions from evolutionary models set an age of 2.4 +0.8 −1.1 Gyr and 2.4 +0.6 −0.7 Gyr, respectively and references therein). The ages derived with our detailed stellar modeling agree with the ages reported in the literature. Quantitatively, the results presented so far do not depend significantly on the value of Q 10 adopted. Qualitatively, only the evolution of HAT-P-6 is affected by Q 10 , as discussed below. Figure 5 . Initial parameter space for HAT-P-6-type systems for i * close to 90 o . Here Q 10 = 10 7 , but the results do not change significantly for Q 10 = 10 6 , 10 8 or 10 10 . Top: Initial misalignment Θ * ,in as a function of the initial orbital period P orb,in (left) and initial degree of asynchronism between the stellar spin frequency and the planet orbital frequency (Ω * /Ωo) in as a function of the magnetic braking coefficient γ MB (right). Bottom: present skyprojected misalignment λ as a function of Θ * ,in (left) and present star's rotational velocity vrot sin i * as a function of (Ω * /Ωo) in (right). The grey solid lines represent the 1σ observational constraints at present for a given parameter. To give a sense for the evolution of P orb , in the top left panel we mark with a vertical dashed line the mean value of the orbital period at present. As here i * is close to 90 o , from io = 85.51 o it follows that λ Θ * . In Figures. 5, 6 , and 7 we show the parameter space for HAT-P-6, WASP-7, and WASP-15, respectively. We only display the sequences where the stellar inclination i * is close to 90 o and Q 10 = 10 7 , for simplicity. First, we describe the overall parameter space, while we provide detailed examples of orbital evolution sequences at the end of this section.
For each system, the present orbital period (vertical dashed line in the top-left panels) is shorter that any of the allowed P orb,in , indicating that tides are the main mechanism driving the evolution of the orbital separation. This effect causes P orb to decrease only slightly (by at most ∼ 5%, see Table 2 ). Initial orbital periods shorter (longer) than the values constrained above shrink to the currently observed value before (after) the star reaches (has crossed) the observed M * , R * , and T eff * . WASP-15's bigger change in P orb might be attributed to the star's older age and to its present stellar radius and orbital separation. WASP-15 has an age in the range (0.4 − 0.6 )t MS , which implies that tides had more time to act. Furthermore, it has the largest R * /a and this results in stronger tides.
The evolution of Θ * differs between the three systems. In the case of HAT-P-6, both convective damping of equilibrium tides and dissipation of inertial waves are at play, depending on Q 10 . For Q 10 = 10 6 the misalignment can either increase or decrease slightly (by at most 0.2% and 0.5%, respectively), depending on the system configuration. For higher Q 10 convective damping of the equilibrium tide always causes Θ * to decrease during the evolution (by at most 0.4%). In WASP-7 and WASP-15 this effect decreases the misalignment very slightly (by at most ∼ 1%) for any Q 10 . Comparing HAT-P-6 and WASP-7 (Table 2) , the orbital period change is similar and there is a bigger change in Θ * for the latter. This is due the allowed Θ * ,in values for WASP-7 (close to 90 o ) and the dependency of (Θ * ) wf in Eq. (3) to sin Θ * .
Given the resolution adopted during the scan of the initial parameter space and considering Ω * /Ω o between 0 -1, HAT-P-6's (WASP-15's) observed v rot sin i * can be matched with Ω * /Ω o between 0.5 -1 (0.3 -1) and γ M B between 0 -0.4 (0 -0.9); see Fig. 5 and 7, top-right panel. The values of γ MB for which we find solutions agree with those adopted in the literature for F-dwarfs (e.g., Barker & Ogilvie 2009; Dobbs-Dixon et al. 2004; M10) . The lower limit on Ω * /Ω o is set by the observed v rot sin i * and by the stellar spin-down driven by changes in the star's moment of inertia and magnetic braking, if present. This occurs independently on the Q ,10 adopted. Orbital configurations with Ω * /Ω o smaller than the lower limits quoted above, yield a rotation rate for the star smaller than what is observed, even without any mag-netic braking. Clearly, as the initial Ω * /Ω o increases, higher values of γ MB are allowed to match the present v rot sin i * . A similar argument holds for WASP-7, but the allowed initial parameter space in Ω * /Ω o and γ MB is smaller. Specifically, WASP-7's higher v rot sin i * can be matched with Ω * /Ω o between 0.9 -1 and no magnetic braking (Fig. 6 top-right panel) . The stellar spin decreases, driven mainly by changes in I * . As a result, initial values of Ω * /Ω o below 0.9 yield v rot sin i * smaller than the observed range. More solutions are found if (Ω * /Ω o ) in = 1 and the parameter space would widen considerably allowing (Ω * /Ω o ) in > 1, potentially changing the evolutionary picture presented here (e.g., M10). Even though the prescription proposed by Lai (2012) is valid for sub-synchronous stars, we show below that values of (Ω * /Ω o ) in ≥ 1 could be justified for the case of WASP-7. In fact, inertial wave dissipation is very inefficient for this system. Figure 8 . Detailed orbital evolution of HAT-P-6-type systems. Left: evolution of the orbital separation (top), level of asynchronism between the stellar spin and the planet's orbital frequency (middle), and misalignment (bottom). Right: evolution of the timescales associated with the physical effects considered. Specifically, "wf" refers to tides in the weak friction approximation [Eqs. (1)- (3)], "evol" refers to changes in the star's moment of inertia due to stellar evolution [Eq. (10)], "10" and "10,wf" refer to dissipation of inertial waves [Eqs. (19) , (20), and (22), respectively], "wind" refers to stellar wind mass loss [Eq. (11) and (12) Figures. 8, 9 and 10 show the detailed orbital evolution of a HAT-P-6-, WASP-7-, and WASP-15-type system, respectively. For HAT-P-6 we set Q 10 = 10 6 , while for WASP-7 and WASP-15 we show Q 10 = 10 7 , as an example. In each system, the evolution of a is driven by convective dissipation of equilibrium tides, which tends to decrease the orbital separation (top panels). The evolution of WASP-7's spin is driven by changes in the star's moment of inertia (we have no solutions with γ MB > 0, more below). This effect is dominant, together with magnetic braking in the evolution of HAT-P-6's and WASP-15's spins (middle panels). Finally, the evolution of Θ * in HAT-P-6 is driven by damping of inertial waves which causes the misalignment to increase. This behavior is due to the negative value of (cos Θ * + S/L) in Eq. 20 (see also Appendix A). This effect is inefficient in WASP-7 and WASP-15, where convective damping of the equilibrium tide damps the misalignment (bottom panels). For WASP-7 and WASP-15 this evolutionary picture is not significantly affected by the value of Q 10 adopted, while it varies for HAT-P-6. For this system, increasing Q 10 (decreasing the strength of inertial wave dissipation), the evolution of Θ * becomes driven by convective damping of equilibrium tides and Θ * decreases.
For each system, we compute the inefficiency of inertial wave dissipation from the sequences with the maximum and minimum change in Θ * . Specifically, we compare the timescales associated with this dissipation mechanism and those associated with the main driver of spin and misalignment evolution. ForΩ * we compare with the timescales associated with changes in I * , as this term results from natural stellar evolution and it mostly dominates the evolution of Ω * . ForΘ * , we compare with the timescales associated with convective damping of equilibrium tides. For most of HAT-P-6's evolutionary lifetime at Q 10 = 10 7 (the smallest Q 10 at which inertial waves start becoming non significant), we find that the timescales associated with this effect forΩ * are ∼ 20 − 500 times longer than those associated with changes in I * . For the evolution of Θ * , inertial wave dissipation timescales are ∼ 1 − 10 2 times longer than those associated with convective damping of the equilibrium tide. In WASP-7 (WASP-15) and for Q 10 = 10 6 we find that the timescales associated with inertial wave dissipation forΩ * are ∼ 10 2 − 10 3 (∼ 10) longer than those associated with changes in I * for most of the system's lifetime. ForΘ * , inertial wave dissipation timescales are ∼ 10 2 (∼ 10) times longer than those associated with convective damping of the equilibrium tide. Clearly, these estimates depend on the orbital configuration. The difference in the efficiency of inertial wave dissipation between WASP-7 and HAT-P-6 is due to the allowed Θ * ,in (close to 90 o for WASP-7) and the dependency of (Ω) 10 [Eq. 19] and (Θ * ) 10 [Eq. 20] on cos Θ * .
The estimates provided above for the inefficiency of inertial wave dissipation are important in terms of the initial parameter space considered. Our calculations account for initial values of Ω * /Ω o up to 1, thus stretching the validity of the tidal prescription proposed by Lai (2012) . This recipe might break-down for systems where Ω * /Ω o ≥ 1, as other components of the tidal response might be relevant which could affect the orbital separation. We showed above that the associated timescales can be orders of magnitude longer than those related to the main drivers of the evolution (depending on Q 10 for HAT-P-6). Thus, it is reasonable to think that this would be the case also for the evolution of a. Considering (Ω * /Ω o ) in >1 would considerably expand the allowed initial parameter space for all systems. In particular, it would yield more solutions matching the currently observed v rot sin i * and higher values of γ MB for a WASP-7-type system. Configurations with (Ω * /Ω o ) in > 1 would also yield different evolutionary pictures, as in supersynchronous systems tides transfer angular momentum from the spin to the orbit, thus causing orbital expansion.
WASP-71
WASP-71 harbors a 2.2 M Jup planet orbiting an evolved 1.6 M F8 star every 2.9 d. This system hosts the most massive star and planet among those considered here. The stellar metallicity is Z 0.027 and the observed sky-projected misalignment is λ = 20.1 o ± 9.7 o . The orbital inclination was determined by Smith et al. (2013) and found to be i o 84.9 o . These authors also found no evidence of other companions in the systems. Additional references and parameters for WASP-71 are given in Table 3 .
We scan the initial parameter space considering Θ * , Ω * /Ω o , γ MB , and i * as outlined in § 5.2. We consider P orb,in between 4 -4.845 d in steps of 0.01 d. As for the systems described in the previous section, during the integration we compute (k/T ) CD and (k/T ) RD and apply the stronger of the two. At present, (k/T ) RD /(k/T ) CD < 1.5 × 10 −3 . This value is higher than the one computed for HAT-P-6, WASP-7, and WASP-15 because of the small (yet significant) amount of convection associated with the higher stellar mass. We show below that this ratio could have been about one order of magnitude higher when the star was on its Zero Age Main Sequence. Furthermore, in Appendix B we solve the full set of equations describing the nonadiabatic tidal response of the the stellar model considered in detail here, and discuss the effects of dynamic tides for a wide spectrum of tidal forcing frequencies. The systems which at some point during their evolution match WASP-71's observational constraints as described in § 5.2 are summarized in Table 2 . The allowed initial P orb ranges between ∼4.0 -4.5 d for all Q 10 values considered. Instead, the allowed initial misalignments are sensitive to the adopted inertial wave dissipation efficiency. We find that Θ * ,in is between ∼ 25 o -70 o for Q 10 = 10 6 , and ∼ 15 o -70 o for higher Q 10 . WASP-71's inclination is not constrained ) and we find solutions for i * down to 40 o . The age of our systems ranges between 1.9 -2 Gyr for all Q 10 values considered. The star's age is uncertain, but from lithium absorption in the spectrum and stellar models it is estimated to be between 2 -3 Gyr and reference therein).
In Fig. 11 we show the parameter space for a WASP-71-type system. We only display the sequences with i * close to 90 o and Q 10 = 10 6 , for simplicity. We provide a detailed example of orbital evolution at the end of this section.
The present orbital period (vertical dashed line in the top-left panel of Fig. 11 ) is shorter that any of the allowed P orb,in , indicating that convective damping of the equilibrium tide is the main mechanism driving the evolution of the orbital separation. This effect causes P orb to de-crease during the orbital evolution by about 30% − 35%. This significant change in orbital period compared to the systems discussed in § 5.3 can be attributed to the star's evolutionary stage. WASP-71 has an age of 0.9 t MS ( § 5.2 and Fig. 4) , which left tides a longer time to significantly affect the orbital evolution. Note also that WASP-71 has the largest ratio R * /a at present, which yields the strongest tides. We show below that stellar wind mass loss might give a small contribution at the beginning of the evolution, but it does not change the orbital configuration significantly. Therefore, the subsequent tidally driven evolution determines the lower and upper limits on the allowed P orb,in .
The evolution of Θ * is driven by weak-friction tides, with a contribution coming from damping of inertial waves. In fact, the misalignment decreases by about 30% − 60% and 20% − 30% for Q 10 = 10 6 and 10 7 , respectively, and by about 15% − 30%, for higher Q 10 . We explain why this range decreases as Q 10 increases below.
Given the resolution adopted during the scan of the initial parameter space and considering Ω * /Ω o between 0 -1, WASP-71's observed v rot sin i * can be matched with Ω * /Ω o between 0.5 -1 and γ M B between 0 -0.3 ( Fig. 11 top-right panel) for all Q 10 values considered. The latter interval contains the value γ MB = 0.1 that has been previously adopted in the literature for F-dwarfs (e.g., Barker & Ogilvie 2009; Dobbs-Dixon et al. 2004; M10) . As for HAT-P-6, WASP-7, and WASP-15, the lower limit on Ω * /Ω o is set mainly by the observed v rot sin i * and by the stellar spin-down driven by changes in the star's moment of inertia and magnetic braking, if present. We show below that convective damping of equilibrium tides becomes important towards the very end of the evolution of the stellar spin. 71-type system. Here we set Q 10 = 10 6 , as an example. For this system, we show the evolution of (k/T ) RD /(k/T ) CD and the properties of the surface convection zone in Fig. 13 . For the first 0.7 Gyr, the evolution of a is driven by stellar wind mass loss. This would cause orbital expansion, but the associated timescale is too long to affect the orbit significantly. Eventually, convective dissipation of equilibrium tides becomes dominant. This effect decreases the orbital separation (top panels in Fig. 12 ). The evolution of the stellar spin is driven mainly by magnetic braking and by changes in the star's moment of inertia, which cause the star to spin down. After 1.7 Gyr convective damping of equilibrium tides becomes relevant, preventing Ω * to decrease further (middle panels in Fig. 12 ). This picture doesn't change significantly with Q 10 . For Q 10 = 10 6 , the timescales associated with inertial wave dissipation are at least 1 order of magnitude longer than the timescales associated with the dominant physical effects drivingΩ * for most of the evolutionary lifetime. Finally, the evolution of Θ * is driven by inertial wave dissipation, with a contribution from convective damping of equilibrium tides towards the end of the evolution. Both effects damp the misalignment on a timescale which, at present, is a factor of ∼ 10 shorter than |ȧ/a| (bottom panels in Fig. 12 , see also Table 2 , where ∆ Θ * can be up to a factor of two bigger than ∆ P orb for Q 10 = 10 6 ). Increasing Q 10 yields longer timescales for inertial wave dissipation, but it doesn't affect the timescales associated with convective damping of equilibrium tides. This explains why the fractional change in Θ * decreases as Q 10 increases. Finally, we note that equilibrium tides become more important as the mass and radial extent of the stellar surface convective layers increase during the evolution of the star ( Fig. 13) As for the systems described in the previous section, more solutions could be found considering (Ω * /Ω o ) in > 1. However, as the allowed initial parameter space varies with Q 10 , inertial wave dissipation would probably affect the orbital separation for such configurations. . Additional parameters and references are in Table 3 .
We proceed as for the systems described in the previous sections, but considering P orb,in between 3.1 -5 d in steps of 0.05 d, and considering both Θ * ,in ≥ 0
• and ≤ 0
• . The systems which eventually resemble WASP-16 are summarized in Table 2 . The allowed initial P orb and Θ * range between ∼3.15 -3.4 d and ∼ −52
• − 74
• , respectively, depending on the sign of Θ * ,in and on the Q 10 values considered. As for the systems described in the previous sections, (k/T ) CD > (k/T ) RD throughout WASP-16's evolution (as expected, since the stellar M * and Z make of WASP-16 a sun-like star). For WASP-16's inclination, we find solutions for i * down to 17
The age computed with our modeling ranges between 6.6 -8.5 Gyr (6.6 -8.3 Gyr) for all Q 10 values considered and Θ * ,in ≥ 0
• (≤ 0 • ). The stellar age quoted in the literature is uncertain and it comprises values ranging from 2.3 +5.8 −2.2 Gyr (Lister et al. 2009 and references therein) to 8.6 +3.4 −2.9 Gyr and reference therein).
The initial parameter space is displayed in Fig. 14 for i * close to 90 o and Q 10 = 10 6 , for simplicity. Tides drive the evolution of the orbital separation, causing P orb to decrease during the orbital evolution by ∼ 1% − 10%, depending on Q 10 and the sign of Θ * ,in . The evolution of Θ * is driven by inertial wave dissipation alone when Q 10 = 10 6 . This effect decreases the misalignment, potentially by up to ∼ 35%. The decrease in the misalignment becomes less significant as Q 10 is increased. If Q 10 = 10 7 , the inertial wave dissipation timescales become comparable to the timescales associated to weak-friction tides. Increasing further Q 10 , the evolution of Θ * is driven by weak-friction tides alone.
As far as Ω * is concerned, WASP-16's observed v rot sin i * can be matched with Ω * /Ω o between 0.2 -1 for any Q 10 , considering Θ * ,in ≥ 0
• . Instead, if Θ * ,in ≤ 0
• , the allowed (Ω * /Ω o ) in values range between 0.2 -1 (0.2 − 0.6) for Q 10 ≤ 10 8 (Q 10 = 10 10 ). The allowed γ M B values are between 0 -0.5 (0.1 − 0.5) for Θ * ,in ≥ 0
• ), while this parameter is normally set to 1 for G-dwarfs (e.g., Barker & Ogilvie 2009; Dobbs-Dixon et al. 2004; M10) . We attribute this discrepancy to the upper limit imposed on the initial Ω * /Ω o values considered. The lower limit on Ω * /Ω o is set by the observed v rot sin i * and by the stellar spin-down driven, as we show below, by magnetic braking. Fig . 15 shows the detailed orbital evolution of a WASP-16-type system. The evolution of a is driven by tides (top panels), while the stellar spin decreases as a result of magnetic braking (middle panels). This picture doesn't change significantly with Q 10 . For Q 10 = 10 6 , the timescales associated with inertial wave dissipation are more than 2 orders of magnitude longer than the timescales associated with the dominant driver of Ω * , for most of the evolutionary lifetime. Finally, the evolution of Θ * is driven by inertial wave dissipation, which damps the misalignment on a timescale that is 1-2 orders of magnitude shorter than a/ȧ (bottom panels). As for WASP-71, increasing Q 10 yields longer timescales for inertial wave dissipation, but it doesn't affect the timescales associated with weak-friction tides. This results in a decreasing ∆ Θ * range as Q 10 increases.
As for WASP-71, more solutions could be found considering (Ω * /Ω o ) in > 1. However, as inertial wave dissipation can be very significant in the evolution of Θ * , it would probably affect the orbital separation for such configurations.
6. DISCUSSION In § 3 we showed that our detailed stellar modeling with MESA leads to a trend between the observed skyprojected misalignment and the amount of surface convection inside the host star, especially if one looks at λ as a function of ∆ R CZ /R * . MESA has been calibrated to reproduce the extent of surface convection in the sun only (Paxton et al. 2011 (Paxton et al. , 2013 and such a calibration for stars with different M * and Z has yet to be performed (Matteo Cantiello, private communication). Apart for M * and Z, another parameter which affects the amount of surface convention is the mixing length α MLT parameter. Here we discuss how ∆ M CZ /M * and ∆ R CZ /R * vary, if α MLT is changed. As test cases, we use WASP-8 and WASP-33, discussed in Fig 2. For these two stars, the evolution of ∆ M CZ /M * and ∆ R CZ /R * is displayed in Fig. 16 for α MLT = 1, 1.5, and 2 (thus bracketing the values normally adopted in the literature, e.g., Paxton et al. 2011 Paxton et al. , 2013 ). For a solar-type star like WASP-8, ∆ M CZ /M * and ∆ R CZ /R * increase by a factor of at most 6 and 1.5, respectively, if α MLT is varied from 1 to 2. Instead, for a more massive star like WASP-33 younger than 0.5 t MS , ∆ M CZ /M * and ∆ R CZ /R * increase by a factor of at most 2.5 and 2, respectively, if α MLT is varied from 1 to 2. However, ∆ M CZ /M * and ∆ R CZ /R * can increase by up to ∼ 1000 and ∼ 10 when the star is at the end of its main sequence (0.9 t MS ). Therefore, Figure 16 . Evolution of the fractional mass (left) and radius (right) of the surface convection zone for a WASP-8-(top) and WASP-33-type (bottom) star, and for α MLT = 1 (solid), 1.5 (dotted), 2 (dashed). The time is in units of the Main Sequence lifetime.
even though the results presented here might not change significantly for solar-type stars in general, or for more massive stars younger than 0.5t MS , caution should be used when modeling more massive and evolved stars.
In this work we also adopted several simplifying assumptions, which we summarize and discuss below.
Firstly, we followed the regime of validity of the Lai (2012) prescription and considered circular systems. As in other investigations of the observed λ − T eff * correlation (e.g., Winn et al. 2010a , A12, R13), we neglected the past evolution of the eccentricity. As summarized by Barker & Ogilvie (2009 ), Hut (1981 considered tides in the star and showed that the misalignment evolves on a longer timescales than the eccentricity in systems where the ratio between stellar spin and orbital angular momentum is smaller than 6. As this is the case for typical hot Jupiter systems, if we observe a misaligned close-in planet in a circular orbit we cannot rule out a significant eccentricity in the past. M10 carried out detailed orbital evolution calculations of hot Jupiters in eccentric and misaligned orbits, accounting for tides both in the star and the planet. They found that stellar tides are expected to largely dominate the evolution of the orbital separation and obliquity. Instead, the rate of circularization depends on the relative efficiency of tidal dissipation inside the star and the planet and, thus, on the stellar and planetary tidal quality factors (Q * and Q pl , respectively). Their detailed calculations showed that different Q * and Q pl are needed to explain different systems. Furthermore, depending on Q pl , circularization can be achieved much faster than orbital decay. Here we focused on systems where the current eccentricity has been found to be consistent with zero. Therefore, the inclusion of tides in the planet would have amounted to calibrate Q pl for each system, in order to achieve circularization "fast enough". M10 showed that orbits can reach circularization in as little as ∼ 100 Myr, while the youngest system studied in detail here has an age of ∼ 1 Gyr (WASP-7). For this work we decided not to introduce additional model parameters and we neglected tides in the planet entirely. A detailed calculation accounting for this effect on the evolution of the eccentricity will be the subject of future work. Such calculation should also take into account the evolution of the host star (neglected by M10) since it might play a significant role, as demonstrated here. The evolution of the star's moment of inertia can significantly decrease the stellar spin. This, in turn, might affect the other parameters entering the problem, if the equations forȧ,ė,Ω * , anḋ Θ * are solved simultaneously.
Secondly, for stars with predominantly radiative envelopes (e.g., WASP-33-type stars in Fig. 2) we parametrized the efficiency of radiative damping of the dynamical tide as in Hurley et al. (2002) . The authors used results presented by Zahn (1975) , who performed detailed calculations of dynamic tides in massive main sequence binaries, in the limit of small tidal forcing frequencies. In Appendix B we showed that radiative dissipation of the dynamical tide may be significant, once the fully non-adiabatic tidal response of the star for a broad spectrum of tidal forcing frequencies is taken into account. Therefore, host stars with predominantly radiative envelopes could require a more detailed orbital evolution calculation. This should account for the interaction between tides and the star's free oscillation modes, and its effect on the evolution of the orbital separation and stellar spin. Such calculation is computationally expensive and beyond the scope of this work, but we note that Witte & Savonije (2002) studied the tidal evolution of eccentric binaries hosting a solar -type main -sequence star and a Jupiter-like planet. Their calculations accounted for the effects of stellar evolution, tidal dissipation in the star in the framework of dynamical tides, and resonant interaction with the g-modes and quasitoroidal oscillation eigenmodes. The authors found that the dynamical tide with the inclusion of the effects of resonances with the stellar oscillation modes yields more efficient tidal coupling than convective damping of the equilibrium tide.
Finally, here we have assumed a constant value for Q 10 throughout the evolution. Barker & Ogilvie (2009) and Ogilvie & Lin (2007) showed that Q 10 can vary greatly between different stars, as it depends not only on the stellar spin, but also on the amount of surface convection. The latter, in turn, depends on the stellar mass, metallicity and evolutionary stage. This implies that assuming a constant value of Q 10 is probably not accurate. However, we note that we could find evolutionary paths for all systems considered and for the full range of Q 10 adopted (∼ 10 6 − 10 10 ). Furthermore, our results do not change significantly once Q 10 ≥ 10 7 for most systems. These findings suggest that the evolutionary sequences presented here would not be affected dramatically with a more detailed treatment of inertial waves dissipation.
7. SUMMARY AND CONCLUSIONS Two formation models have been proposed to explain the tight orbits of hot Jupiters. These giant planets could migrate inward in a disk (in the so-called disk migration scenario), or they could be formed via tidal circularization of a highly eccentric orbit following gravitational interactions with a companion (in the so-called higheccentricity migration scenario). Disk migration yields orbits where the stellar spin and orbital angular momentum vectors are nearly aligned, while high-eccentricity migration results in a broad range of misalignments. Here we targeted the known hot Jupiters where the obliquity has been inferred observationally (following and updating the sample considered by Albrecht et al. 2012b) and investigated whether their properties are consistent with high-eccentricity migration.
In contrast to previous studies, we modeled in detail each host star and showed that the observed increase in misalignment λ with the star's effective temperature T eff is shaped by the amount of convection inside the host star, as originally suggested by Winn et al. (2010a) . Specifically, higher degrees of misalignment are found in stars with less surface convection, especially if one considers the radial extent of the surface convective region. This result supports the hypothesis that giant planets are formed with a broad initial distribution of misalignments. During the subsequent orbital evolution, convective dissipation of tides in the star is the mechanism that shapes the observed distribution of misalignments. To further test this hypothesis, we computed the coupled evolution of the orbital elements and stellar spin of five representative systems: one aligned, two prograde, and two retrograde systems. We studied in detail 15, 16, and 71 , and provided results for few more systems, as additional examples. Within the regime of validity of the tidal prescription adopted ( § 4.2), WASP-16 is an aligned star among the coolest ones. Instead, WASP-71 and WASP-7 (WASP-15 and HAT-P-6) are among the coolest and hottest prograde (retrograde) stellar hosts, respectively. In contrast to previous studies on the observed λ − T eff * correlation (e.g., Albrecht et al. 2012b; Rogers & Lin 2013) , we took into account the combined effects of tides, stellar wind mass loss, magnetic braking, and stellar evolution. The tidal prescription adopted combines tides in the weak friction approximation and inertial wave dissipation, and it was recently proposed by Lai (2012) to explain the currently observed aligned hot Jupiters. For the efficiency of inertial wave dissipation, we followed numerical results by Ogilvie & Lin (2007) and Barker & Ogilvie (2009) and considered tidal quality factors Q 10 ranging between 10 6 − 10 10 . Furthermore, we scanned a broad parameter space in initial orbital periods, misalignments, and degrees of asynchronism between the stellar spin and the planet's orbital frequency (Ω * /Ω o ).
Our results show that, accounting for all the relevant physical mechanisms and considering the simultaneous evolution of the orbital separation, stellar spin, and misalignment, the current properties of the variety of systems considered here can be naturally explained. For HAT-P-6, WASP-7, and 15, with F-dwarfs, we found that both orbital decay and obliquity damping are small even on Gyr timescales. This supports the notion that many of the F stars are presently not capable of either destroying the planet or damping the obliquity, and that the high observed obliquities are the result of the hot-Jupiters formation process. For WASP-71, we found that both the orbit and obliquity are actively damping, but, for the smallest Q 10 value considered, the obliquity evolves on a timescale that can be almost 1 order of magnitude shorter at present (and up to 3 orders of magnitude shorter in the past, Fig. 12 ). The same is true for WASP-16, where the obliquity damping timescale is more than 1 order of magnitude shorter than the orbital decay timescale at present (Fig. 15) . This system in particular, together with WASP-4 described in Valsecchi & Rasio (2014) , supports the idea that obliquity damping in cool and less massive G-dwarfs can occur more rapidly than orbital decay, provided that inertial wave dissipation is actively driving the misalignment evolution. This mechanism does indeed provide an explanation for the population of currently known aligned hot Jupiters.
Finally, our results show that the physical effects included in this work can all play a significant role in the orbital evolution of misaligned hot Jupiters systems, depending on the properties of the star and planet, as well as the orbital configuration, as summarized below.
By using detailed stellar models we took into account how changes in the star's moment of inertia affect its spin. Stellar evolution efficiently decreases Ω * in systems hosting F-dwarfs, where it becomes increasingly significant as the star expands during its main sequence evolution. Another efficient driver of stellar spin-down is magnetic braking, included here according to Skumanich's (1972) law. We varied its strength by changing the parameter γ MB entering the magnetic braking prescription, but the values of γ MB which yield HAT-P-6-, WASP-15-, and 71-type systems agree with those adopted in the literature. WASP-7, and 16 are exceptions, as their present properties can be matched either without magnetic braking (γ MB = 0, for WASP-7, with an F-dwarf) or with γ MB ≤ 0.5 (for WASP-16, with a G-dwarf). However, we argued that more systems resembling WASP-7 with γ MB > 0 could be found considering higher initial levels of asynchronism between the stellar spin and the planet's orbital frequency.
For tides, the Lai's (2012) prescription is valid for subsynchronous systems (Ω * < Ω o ) and inertial wave dissipation acts only on the stellar spin and the misalignment. Instead, in super-synchronous systems (Ω * > Ω o ), this dissipation channel might also affect the orbital separation, but we did not explore this possibility and we targeted only configurations where Ω * ≤ Ω o (and discussed cases in which Ω * = Ω o ). As mentioned above, we showed that inertial wave dissipation can be significant, mainly for the evolution of the misalignment. This dissipation channel can increase the misalignment in systems like HAT-P-6, while it can actively damp it in WASP-16-and 71-type systems. It is unimportant for WASP-15-and 7-type systems and the associated timescales can be orders of magnitude longer than those related to the main drivers of spin and misalignment evolution. For systems like WASP-7, in particular, this finding suggests that the evolution of the orbital separation would not be significantly affected by inertial wave dissipation, if super-synchronous configurations were considered. Expanding the initial parameter space to include Ω * /Ω o > 1 would likely yield WASP-7-type systems where the magnetic braking coefficient γ MB is consistent with values adopted in the literature.
Tides in the weak friction approximation are the main driver of orbital decay (when Ω * < Ω o ) and they can also affect the misalignment. As weak-friction tides always tend to decrease the misalignment, they can either counteract the effect of inertial wave dissipation (e.g., in HAT-P-6-type systems) or strengthen it (e.g., in WASP-71-type systems), depending on Q 10 . Tides in the weak friction approximation are less important for the evolution of the stellar spin, except for WASP-71: for this system, this mechanism becomes relevant towards the end of the evolution and it counteracts the spin-down driven by stellar evolution and magnetic braking.
Finally, stellar wind mass loss is negligible for all systems considered here. In a WASP-71-type system it could have been the main mechanism driving the evolution of the orbital separation early in its past, but the associated timescales were too long to significantly affect it.
To conclude, our detailed stellar modeling, the orbital evolution calculations, and the few more examples summarized in Table 2 , provide support to the higheccentricity migration scenario for the formation of hot Jupiters. A detailed calculation similar to the one presented here on all misaligned systems is needed to provide a definite answer (this will be the subject of future work, see also § 6). However, here we demonstrated that tidal dissipation in the host star, together with stellar wind mass loss, magnetic braking, and stellar evolution, can account for the observed distribution of misalignments (and alignments) and orbital separations found around stars of different temperatures. In particular, the orbital configuration of five representative hot Jupiter systems covering a variety of misalignments and stellar temperatures can be explained with reasonable assumptions on the physical effects driving the orbital evolution in circular and misaligned systems, despite the limited parameter space considered.
APPENDIX
VALIDATION OF THE ORBITAL EVOLUTION CODE
We test the code developed to integrate the equations summarized in § 4 by reproducing some of the results presented in M10 and R13.
First, we verify the equations describing the evolution of a, Ω * , and Θ * due to tides in the weak friction approximation by reproducing the results presented in Fig. 4 of M10. Specifically, we integrate Eqs. (1)- (3) generalized for an eccentric orbit (Hut 1981) :
(ė) wf = − 9 2 1 τ wf e (1 − e 2 ) 13/2 f 3 (e 2 ) − 11
Here we have added Eq. (A2) which describes the evolution of the eccentricity e. In the above equations the coefficients 2, 3, 4, 5) 
Eqs. (A1), (A3), and (A4) fall back to Eqs. (1)- (3) if e = 0. M10 consider also tides in the planet which here are neglected. This assumption doesn't' affect the results significantly for the particular example presented here (see below). Neglecting the terms related to tidal dissipation in the planet and setting F tid = 1 in Eq (4), Eqs. (A1)-(A4) are equivalent to Eqs. (7)- (9), and (11) in M10, as the term (k/T ) in Eq. (4) is equivalent to k 2, * ∆t * (GM * /R 3 * ). For the calculation presented in Fig. 4 
Ωo , where Q * = 3 2 k2, * Q * is the star's modified tidal quality factor. Closely following M10, we consider a 1 M star at solar metallicity coupled with a 3 M Jup companion. We neglect stellar wind mass loss, the effect of magnetic braking, and changes in the stellar spin related to the evolution of the star's moment of inertia. Furthermore, we take i * = i o = 90 o . With this assumption the sky-projected misalignment is equal to the true one (Θ * = λ). We consider an initial semimajor axis, eccentricity and stellar velocity of a = 0.06 AU, e = 0.3, and v rot = 10 km s −1 , respectively, and integrate Eqs. (A1)-(A4) forward in time for an initial obliquity Θ * of 20 o and 60 o . As in M10, the star's tidal quality factor scales as Q * = Q * ,in Ω o,in /Ω o , where the subscript "in" denotes the initial values and Q * ,in is set to 10 6 . The star's squared radius of gyration is set to 0.06. In Fig. 17 we show the result on this calculation, to be compared with Fig. 4 in M10. Similarly, we find that for the smaller stellar obliquity (20 o ) the system arrives at a stable tidal equilibrium state as synchronization, circularization and alignment are reached. Instead, for the larger stellar obliquity (60 o ), the system evolves towards a state of unstable tidal equilibrium in which the planets spirals onto the star on a 10 Gyr timescale. Here we remind the reader that our calculation neglects tidal dissipation in the planet, while M10 parametrizes it in term of a modified tidal Q for the planet (Q pl ). As it is clear from Fig. 4 in M10, this would affect mostly the evolution of the eccentricity. In agreement with M10's results for the highest Q pl value (10 7 ), we find that the orbit quickly circularizes right before the orbital separation drops.
Next, we verify the tidal prescription proposed by Lai (2012) by reproducing the results presented in Fig. 2 by R13. Specifically, we integrate Eq. (18), which is equivalent to Eq. (7) in R13. In fact, it is straightforward to show that τ wf defined in Eq. (4) is equivalent to τ e in R13, if Q * ∼ 1/(2∆t * Ω o ). We start from a random distribution of 50 obliquities and integrate Eq. (18) forward in time, keeping the orbital separation and stellar spin fixed during the integration. The time variable t in R13 is defined as a multiple of τ 10 [Eq. 21]. Defining t =tτ 10 , the terms in Eq. (18) are give by
As in Fig. 2 in R13, we set τ 10 /τ wf = 0.001, consider initial values of S/L = 0.1, 0.5, and 2 and compute the evolution of the obliquity until 30τ 10 III . The ratio Ω * /Ω o is set to 0.1. In Fig. 18 we show the result of this calculation, to be compared with Fig. 2 
DYNAMIC TIDES IN WASP-71
In this section, we investigate whether dynamic tides might have been significant in the past orbital evolution of a WASP-71-type system for a broad spectrum of tidal forcing frequencies. First, we select two stellar profiles from the evolutionary sequence shown in the top left panel of Fig. 4 . The two profiles are a snapshot of the structure of the star at 10% and 50% of its main sequence lifetime t MS (according to the detailed stellar modeling presented in § 5, WASP-71 is at ∼ 90% t MS ). Next, we compute the timescales associated with radiative damping of dynamic tides with CAFein (Valsecchi et al. 2013) . This code computes the star's response to the tidal action of a companion solving the full set of non-adiabatic and non-radial forced stellar oscillation equations. In the left panels, black lines represent the evolution of the orbital separation, while orange lines represent the evolution of the eccentricity. In the right panels, orange and red lines represent the evolution of the orbital and star's rotation period, respectively, while black lines show the evolution of the star's misalignment (which in M10 is denoted with * ).
As described in Valsecchi et al. (2013) , we assume that the star rotates uniformly around an axis orthogonal to the orbital plane with angular velocity Ω * in the sense of the orbital motion. We assume Ω * to be small enough so that the Coriolis force and the centrifugal force can be neglected. We treat the planet as a point mass. The coupling of convection and pulsations, and the perturbation of the convective flux are neglected. We consider a circular orbit and fix the orbital period to the currently observed one, while varying the stellar spin. We focus on the leading quadrupole order in the spherical harmonic expansion of the tide-generating potential (e.g., Polfliet & Smeyers 1990) .
The orbital evolution timescales computed with CAFein are shown in Fig. 19 (black line), together with the weakfriction tides prescription adopted in this work (red lines). The complex behavior of the dynamic tides timescales is due to resonances between the star's eigenfrequencies and the tidal forcing frequencies. Fixing the orbital period to the currently observed value and varying the stellar spin produces a spectrum of tidal forcing frequencies ω T = 2(Ω o −Ω * ). For an asynchronous star, radiative dissipation of dynamic tides in the weak friction approximation (red solid line) yields timescales that are almost an order of magnitude longer than those computed accounting for the full spectrum of tidal forcing frequencies. As expected, the two prescriptions agree as Ω * approaches Ω o (in the limit of small tidal forcing frequencies). Convective dissipation of the equilibrium tides leads to overall shorter timescales.
Here we note that, for the orbital configurations and stellar ages considered, the timescales computed with CAFein and presented in Fig. 19 should be taken as upper limits. In fact, both convection and rotation could affect the star's tidal response. Convection could excite non-radial stellar pulsations (Cantiello et al. 2009 ), while rotation enriches the spectrum of eigenfrequencies, leading to more resonances (Witte & Savonije 1999a,b) . Furthermore, WASP-71's misalignment is constrained to be <90 o . The detailed orbital evolution described in § 5.4 accounts mainly for convective damping, as it is more efficient than radiative damping in the limit of small tidal forcing frequencies. However, the calculation presented here suggests that radiative dissipation of dynamic tides might be significant, once the fully dynamical tidal response of the star is taken into account. Therefore, a detailed calculation accounting for the interaction between tides and the free oscillation modes of the star, and its effect on the evolution of the orbital separation and stellar spin might be more appropriate (e.g., Witte & Savonije 2002) . Figure 19 . Timescales for the evolution of the orbital separation (top) and stellar spin (bottom) due to tides for a WASP-71-type system. Here we take the star to be at 10% (left) and 50% (right) of its main sequence lifetime, and Θ * = 0. The black solid line represents the timescales related to radiative dissipation of the dynamical tide computed with CAFein. Their complex behavior is due to resonances between the star's eigenfrequencies and the tidal forcing frequencies. For comparison, the red solid and dashed lines are the tidal timescales computed from Eqs. 1 and 2 associated with radiative damping of the dynamical tide [k/T from Eq. (5)] and convective damping of the equilibrium tide [k/T from Eq. (6)], respectively, in the weak friction approximation. Note. -Host star properties derived with MESA as described in § 3. See Table 1 for an explanation of the various symbols. The uncertainties quoted are not 1σ errors, but are computed as follows. For each system, we collect Z, M * , R * , T eff * , ∆M CZ /M * , and ∆R CZ /R * from all the successful models (see § 3). Next, for each of these parameters we extract the maximum (M ax) and minimum (M in) values. The mean value is given by M ean = M ax+M in 2
, while the uncertainty is given by M ax − M ean. a For HAT-P-7 we arbitrarily assume a small error in F e/H of 0.05 to find matching evolutionary tracks in our grid of models. b Since for Kepler-13 the 1σ errors on M * and Z are not known, we computed one evolutionary track with the observationally inferred M * and Z. c For XO-2 we are able to match the observationally inferred M * , R * , and T eff * only within 3σ.
